INTRODUCTION 53
The plant cell wall is a complex extracellular matrix composed of polysaccharides such as cellulose, 54 hemicellulose, and various pectic polysaccharides, glycoproteins and the polyphenol lignin. The major 55 hemicellulose xyloglucan (XyG) is found in all land plants and is especially abundant in the primary cell wall of 56 dicots (1) . XyG in the primary cell wall attaches to cellulose microfibrils non-covalently via H-bonds and its 57 metabolism in the wall is thought to play a role in cell elongation (2, 3, 4). However, the precise molecular role 58 of XyG in plant growth and development is not clear (5, 6, 7) as mutant plants lacking XyG do not exhibit an 59 obvious growth phenotype (8) . Initially it was thought that a particular XyG structure is plant species specific, 60 but recently tissue specific structures within a plant species have emerged (9, 10, 11) . XyG has not only been 61 found in higher plants, but also in non-vascular plants such as liverworts and mosses (12) . 62
XyG consists of a backbone of b-1,4 glucan substituted with xylosyl residues that are often further decorated with 63 other sugar residues and/or acetyl-residues, leading to the discovery of more than 20 structurally different XyG 64 side chains to date (13, 14, 15) . Due to the structural diversity, a one-letter code has been established describing 65
XyG side chains (16). According to this code G refers to an unsubstituted glucosyl backbone residue, while X 66 depicts a xylosylated glucosyl residue as in α-D-xylose-6-b-D-glucose. X can be further extended on the xylosyl 67 unit at O-2 with galactosyl-, arabinopyranosyl-, galacturonsyl-, xylosyl-or arabinofuranosyl residues resulting in 68 L, D, Y, U, and S side chains, respectively (12, 17, 18, 19, 20) . 69 XyG assembly requires various glycosyltransferases (GTs) that add specific sugars to the extending polymer. 70
Many GTs involved in XyG synthesis have been identified that belong to various Carbohydrate-Active Enzymes 71 (CaZy) families based on gene-sequence homology (1, 21) . One of the CaZy families involved in XyG sidechain 72 biosynthesis is the GT47 family, including MUR3, XLT2, and XST ( Fig. 1 ). MUR3 represents a 73 XyG:galactosyltransferase, which adds a b-galactosyl-residue at the O-2 position to a xylosyl-residue resulting 74 in the sidechain L (22). MUR3 transfers the galactosyl-moiety to a specific xylosyl-residue on the XyG chain 75 leading to the occurrence of an XXLG oligosaccharide motive in XyG. In contrast, a related GT47 protein, XLT2, 76 adds the galactosyl-residue to another xylosyl-residue leading to a XLXG motive indicating that these GTs exhibit 77 regioselectivity (23). GT47 family members can also transfer galacturonic acid (XUT1) or arabinofuranosyl-78 moieties (XST) (17, 24) to the xylosyl-residue. 79
The moss Physcomitrella patens was found to contain XyG (12) with branched side chains containing 80 galacturonosyl and arabinopyranosyl residues at the O-2 position of their xylosyl residues (12). The 81 arabinopyranosyl residue is unique as it has also been found in the XyG of lower plants such as the Lycophytes 82
including Selaginella, Equisetales, Polypodiales and Cycadales (12, 18), but not in any gymnosperm or 83 angiosperm plant to date. 84
To gain insights into the function of the XyG:arabinopyranosyl residue on XyG side chains, we describe here the 85 identification of the responsible Physcomitrella arabinopyranosyltransferase present in the GT47 family. 86
Because the simplest XyG side chain containing an arabinopyranosyl residue has been abbreviated with the one 87 letter code D (1, 16), we named the responsible protein XDT (XyG D side chain Transferase). 88
89

RESULTS
90
Identification of XyG-related GT47 Family Members in the Moss Physcomitrella patens 91
The amino acid sequence of the Arabidopsis XyG-related GT47 family member AtMUR3 was used as a bait to 92 identify related GT candidates of Physcomitrella present in the Joint Genome Institute database Phytozome 93 (phytozome.jgi.doe.gov). Based on amino acid sequence homology 13 Physcomitrella proteins were identified, 94 which were also homologous to other, known GT47 XyG related genes from various species (AtXLT2, AtXUT, 95
OsMUR3, OsXLT2, and SlXST; Fig. 2 ). Of the 13 Physcomitrella proteins, 6 members grouped closely in a 96 MUR3 subclade. The other 7 Physcomitrella proteins fell into the XLT2 subclade that also included XST and 97 XUT. Based on the location in the protein phylogenetic tree 9 non-redundant proteins were chosen for further, 98 functional investigation (Pp1918, Pp42620, Pp201625, Pp2661, Pp21725, Pp173836, Pp156311, Pp110748, and 99 Pp13057). 100
101
Functional Complementation in Arabidopsis and Characterization of XDT 102
To assign GT functions to the 9 selected Physcomitrella GT47 family members heterologous expression of 103 individual proteins in the Arabidopsis double mutant mur3.1 xlt2 was pursued. XyG derived from the various 104 complemented Arabidopsis plants was analyzed by oligosaccharide mass profiling (OLIMP) (25), whereby XyG 105 was solubilized from wall materials using a xyloglucan specific endoglucanase and the resulting XyG 106 oligosaccharide mixture was analyzed by MALDI-TOF mass spectrometry ( Table 1 ). The results indicate the presence of t-Arap and 2-Xylp in an equal ratio supporting the 130 hypothesis that Arap is attached to Xylp at O-2 thus representing the structure of XyG D side chain. No t-Araf 131 was detected. To gain further insights into this structure 1 The structure of XyG has been shown to affect vegetative growth. For example, the Arabidopsis double 155 mutant mur3.1 xlt2 containing XyG entirely composed of XXXG units exhibits dwarfism (9, 24) ( Fig. 6 ). When 156
PpXDT and PpXLT2 were expressed in mur3.1 xlt2 using a constitutive promotor vegetative (stem) growth was 157 restored to nearly normal heights in most of the lines ( Fig. 6 A, B ). The Arabidopsis double mutant mur3.1 xlt2 158 exhibits also shorter roots (17) ( Fig. 7 A, B ). Expression of PpXDT and PpXLT2 in the double mutant leads to 159 root growth that is not significantly different than Arabidopsis WT. Selaginella kraussiana (12, 18). The Arabidopsis XyG:fucosyltransferase AtFUT1/AtMUR2 is apparently not 179 only able to transfer fucosyl residues to galactosyl but also arabinopyranosyl residues. Similar to previous reports 180 (12, 18) acetylated versions of the D side chain were not observed, indicating that the Arabidopsis XyG:O-181 acetyltransferase AtAXY4/AtAXY4L (29) specifically adds acetyl substituents to galactosyl residues. 182
The galactosyltransferases AtMUR3 and AtXLT2 act regiospecific, i.e. they transfer the galactosyl moiety to a 183 specific xylosyl residue leading to the generation of XXLG or XLXG, respectively. The expression of PpXDT in 184
Arabidopsis also lead to XyG oligosaccharides that in addition to arabinopyranosyl residue contain additional 185 pentoses. Although the nature and position of these additional pentosyl residues remain to be determined it seems 186 clear that XDT is more promiscuous in nature than MUR3/XLT2. Either the enzyme can transfer other pentoses 187 than arabinopyranoses such as arabinofuranoses or more likely it can add arabinopyranoses to different positions 188 on XyG resulting not only in the XyG oligosaccharide XXDG (m/z 1,217, Table S1) (Table S1) and XLT2 from a variety of species such as from rice OsXLT2 (9), tomato SlXLT2 (24), or as shown here from 218 Physcomitrella PpXLT2. Moreover, arabinofuranosylation by expressing XST (24) and as shown here 219 arabinopyranosylation through XDT also restores the phenotype of the double mutant, not only the growth of 220 vegetative tissue, but also root growth. This indicates that galactosylation or the occurrence of the L side chain is 221 not required for normal growth, but that alternative substitutions such as arabinofuranosylation and 222 arabinopyranosylation resulting in the S and D side chains, respectively, suffice for normal plant growth. It is 223 known that XyG that consists only of XXXG self-aggregates and precipitates in vitro (31, 32). Such precipitation 224 of non-galactosylated XyG in the mur3.1 xlt2 mutant might occur already during its biosynthesis in the Golgi-225 apparatus of impacting the endomembrane system function. Indeed, the Arabidopsis mur3.3 mutant, an insertional 226 knockout mutant, exhibits severe dwarfism with a concomitant aggregation of endomembranes and intracellular 227 accumulation of polymers (30). However, when the mur3.3 mutant is crossed with the XyG-lacking xxt1 xxt2 228 mutant the resulting mutant plant exhibits not only again a normal growth phenotype but also a normal 229 endomembrane morphology. XyG is still lacking in these plants. Hence a structurally abberant XyG with low or 230 lacking galactosylation is detrimental to plant development, whereas a lack of XyG is not. Table S1 . The XyG oligosaccharide composition and relative abundance of ions (m/z) seen in Fig. 3 . 339 340 Table S2 . Primers for PCR amplification of genes and quantitative RT-PCR. 341 342 Figure S1 : Figure S1 . Anomeric region of the 1 
